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Large Water Cherenkov Detectors

• Excellent performance

• From ~MeV to ~TeV

• Scalability to ~Mton (and beyond)

• Established technology

• 50 kton Super-K running for >15years

• Still evolving!!

• Improved reconstruction
(used for latest T2K νe result)

• Sensitivity improvement in p→νK

• Gd R&D in progress
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Three generations of 
Water Cherenkov Detectors at Kamioka

Kamiokande
(1983-1996)

Super-Kamiokande
(1996-)

Hyper-Kamiokande
(20??-)

3kton 50kton 1Mton=1000kton

x17 x20
(x25 fiducial mass)

(560kton fiducial)



Masashi Yokoyama (U. Tokyo) / Hyper-Kamiokande: Detector Design and Physics Potential

Hyper-Kamiokande
Total Volume       0.99 Megaton
Inner Volume      0.74 Mton
Fiducial Volume   0.56 Mton (0.056 Mton × 10 compartments)                                        
Outer Volume     0.2 Megaton
Photo-sensors    99,000 20”Φ PMTs for Inner Det.
                         (20% photo-coverage)
                         25,000 8”Φ PMTs for Outer Det.
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arXiv:1109.3262 [hep-ex]

Sep. 2011
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International WG was formed in 2012. 
Current members are from
Japan, Canada, Korea, Spain, 

Switzerland, Russia, UK, and US.
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Candidate site
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horizontal access tunnel

Entrance

Hyper-K

•8km south of Super-K

•Same off-axis and baseline as T2K

•Horizontal drive from entrance

•648m of rock (1750m.w.e.) overburden

•13,000m3/day natural water (1Mt/80days)

~8km
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higher intensity ν by 
upgraded J-PARC

Hyper-K

SunSupernova

x25 Larger ν Target
& Proton Decay Source

Proton 
Decays

νν ν

ν

x2 (year 
or power)

x50 of T2K
for !CP

7

Multi-purpose detector
Hyper-Kamiokande
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Physics topics

• Neutrino beam from J-PARC 
(≥1MW expected)

• Atmospheric neutrinos

• Search for proton decay

• Solar neutrinos

• Astrophysical neutrinos (supernova, dark matter, ...)

• Neutrino geophysics

• More idea?
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Neutrino mixing, CPV

GUT

Breadth of physics by a large underground detector



Accelerator neutrino beam
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Long baseline experiment 
with J-PARC ν beam

• Natural extension of technique being proved by T2K

• Off-axis narrow band beam, Eν~0.6GeV

• HUGE water Cherenkov detector

• 295km baseline (=less matter effect)

• Main focus on measurement of CP asymmetry

• Complementary to >1000km baseline experiments 
planned in other regions (e.g. LBNE)

• Sensitivity (CP/MH), technology (WC/LAr)

• Also rich program with Near Detectors
10
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Measurement of CP asymmetry

• Comparison of P(νμ→νe) and P(νμ→νe)
• Max. ~±25% change from δ=0 case
• Sensitive to exotic (non-MNS) CPV source

P(νμ→νe): νe appearance probability
(normal hierarchy)
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Neutrino Anti-neutrino

for 295km baseline
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sin22θ13=0.1,δ=0, normal MH

Signal
(νμ→νe CC)

Wrong sign 
appearance νμ/νμ CC beam νe/νe 

contamination NC

ν (2.25MW·107s) 3,560 46 35 880 649

ν (5.25MW·107s) 1,959 380 23 878 678

100
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ES

rec (GeV) ES
rec (GeV)

S mode S mode
Total

BG all

BG from�SR

Total

BG from�SR

BG from�SR+ SR

BG from Se��SR�SR

BG Se�Se�SR�SR

SR�q�Se + BG

νe candidate reconstructed energy distributions

2.25MW·107s
= 0.75MW×3yrs
(1.5MW×1.5yrs)

5.25MW·107s
= 0.75MW×7yrs
(1.5MW×3.5yrs)
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7.5MW・years

※Further BG suppression expected with reconstruction improvement

2000-4000 signal events for each of ν and ν
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Expected sensitivity to CP asymmetry 
7.5MW・years 5% systematics on signal, νμ BG, νe BG, ν/ν

sin22θ23=1

13
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1
I�@

UB

0 0.05 0.1 0.15
sin22V13

-1

2X
1X

3X

7.5MWyear
Hyper-K

δ C
P

sin22θ13

Reactor 1σ

Good sensitivity for currently allowed values

*Mass hierarchy 
determination with 

Hyper-K atm. ν: 
>3σ in 5-10 years

Normal mass hierarchy (known*)
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Expected uncertainty of δ (1σ)
5% systematics on signal, νμ BG, νe BG, ν/ν
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sin22θ13=0.1

107s

7.5 MW·107s

Normal Hierarchy

14
<20° (δ=90°), <10° (δ=0°)
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Atmospheric neutrinos

15

Complementary to 
accelerator ν

Wide range of Eν, 
flavor, ν/ν available
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Atmospheric neutrino

Atmospheric νe flux
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sin
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13213

!

"

#

$

$$
rm

Solar term�

Interference term (!CP)�
 "13 resonance term�

NuclPhysB680,479(2004)

r    : µ/e flux ratio (~2 at low energy)!
!

P2 = |Aeµ|2 : 2! transition probability !e ! !µ" in matter!

R2 = Re(A*
eeAeµ)!

I2  = Im(A*
eeAeµ)!

Aee : survival amplitude of the 2! system!

Aeµ : transition amplitude of the 2! system!

νe appearance is expected due to Earth’s matter 
potential
- happens in ν in the case of normal mass hierarchy
- in anti-ν in inverted mass hierarchy

Oscillated νe flux
Non-oscillation

NuclPhysB669,255(2003)

Large θ13 value gives us a good chance to discriminate 
mass hierarchy.

νμ→νe appearance resonance in earth’s core
either ν or ν depending on mass hierarchy

larger θ13 gives better sensitivity

•Mass hierarchy
•θ23 octant
•CP asymmetry

Sensitive to
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A Accelerator based neutrinos 53

B. Atmospheric neutrinos

1. Goals of the atmospheric neutrino study

Atmospheric neutrinos are a guaranteed neutrino source in the Hyper-Kamiokande experiment.

The indication by T2K [1] that ✓
13

is potentially large is encouraging for future atmospheric

neutrino studies, as there will be a good chance to extract information on neutrino properties via

the three flavor oscillation e↵ect. Assuming sin2 2✓
13

> 0.04 as the global fit result suggests [28],

the targets of the atmospheric neutrino studies in Hyper-K would be:

• mass hierarchy determination, namely to select �m2

32

> 0 or �m2

32

< 0 with more than 3�

significance provided sin2 ✓
23

> 0.4.

• to solve sin2 ✓
23

octant degeneracy, namely to discriminate sin2 ✓
23

< 0.5 (first octant) from

sin2 ✓
23

> 0.5 (second octant), when the mixing is not maximal as sin2 2✓
23

< 0.99.

• to obtain complementary information on CP phase �.

To extract the expected three flavor oscillation e↵ects, we will study atmospheric electron neutrino

flux variations as well as muon neutrino flux variations. Expected sensitivities for all of these topics

are discussed in this section.

Oscillation probabilities of atmospheric neutrinos in the three flavor neutrino mixing scheme

have been discussed by many authors [64, 65], and the oscillation e↵ect in electron neutrino flux is

analytically calculated as:

�(⌫e)
�

0

(⌫e)
� 1 ⇡ P

2

· (r · cos2 ✓
23

� 1)

�r · sin ✓̃
13

· cos2 ✓̃
13

· sin 2✓
23

· (cos � · R
2

� sin � · I
2

)

+2 sin2 ✓̃
13

· (r · sin2 ✓
23

� 1) (5)

where we call the first, second, and third terms the “solar term”, “interference term”, and “✓
13

resonance term”, respectively. P
2

is the two neutrino transition probability of ⌫e ! ⌫µ,⌧ which is

driven by the solar neutrino mass di↵erence �m2

21

. R
2

and I
2

represent oscillation amplitudes for

CP even and odd terms. For anti-neutrinos, the probabilities P
2

, R
2

, I
2

are obtained by replacing

the matter potential V ! �V , and the sign of the � (see [65] for details). r is the ⌫µ/⌫e flux ratio

as a function of neutrino energy; r ⇡ 2 at sub-GeV energies, starts deviating from 2 at 1 GeV, and

reaches to ⇠ 3 at 10 GeV. The ✓̃
13

is an e↵ective mixing angle in the Earth; sin2 ✓̃
13

could become

large at 5 ⇠ 10 GeV neutrino energy due to the matter potential [66–68]. This MSW resonance
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Mass hierarchy determination with 
atmospheric neutrinos

17

2012.8.22 Roger Wendell  9 

Expected Effects : electron-like samples 

Equivalent MC Effect of the 23 octant can be larger than that from  cp 
on electron appearance   

Effect of the latter is smaller than the expected statistical 
uncertainty in each bin 

Multi-GeV e-like events

10 years

normal hierarchy case

MSW effect in Earth’s core
→ resonance effect on either 

ν or anti-ν

NH, previous 13 is fixed : sin2213 = 0.098 

3  

2  

Hierarchy sensitivity, 10 years of Atmospheric  data 

 Thickness of the band corresponds to uncertainty induced from cp  
Weakest sensitivity overall in the tail of the first octant 
 Hierarchy sensitivity is improved slightly after update 

 True for both hierarchies  
 

NH, Update 

3  

2  

Δχ
2

sin2θ23

Normal hierarchy

Hyper-K 10 years

3σ determination with <10 year observation
(better sensitivity depending on the value of  θ23)

sin22θ13=0.1
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2012.8.22 Roger Wendell  17 

NH, unknown IH, Unknown 13 is fixed : sin2213 = 0.10 

 Thickness of the band corresponds to the uncertainty from cp  

 Best value of cp = 40 degrees 
Worst value of cp = 140 (260) degrees, for 1st (2nd ) octant 

23 Octant sensitivity , 10 year Exposure 

3  

2  

3  

2  

2012.8.22 Roger Wendell  19 

Fraction of cp excluded at 3 for a fixed value of cp  

NH IH 

 For this particular input, the constraint atmospheric neutrinos can place on 
dcp  is about 50% of  

sin23 = 0.6 

 0.4 

sin23 = 0.6 

 0.4 

10 years 10 years

θ23 octant
sensitivity
 (band depends on δ)

 Fraction of 
δCP excluded

(3 σ)

18
Complementary measurements to accelerator ν

atm ν: θ23 octant and CPV
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2012.8.22 Roger Wendell  18 

Combination of Beam and Atmospheric Neutrinos : Allowed cp 

 
 Hierarchy is unknown, but NH is true   
 True cp = 0.0  
 True sin2213 = 0.10  
Maximal mixing , sin2223 = 1.0 
 Degenerate solution exists at 3 in the beam only case - just add the 2 maps  
 In the real world, something more sophisticated is in order  

3  

Beam Map Atm.  Map  

3  

Atm.  + Beam  

Add 
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Nucleon Decays

12年10月5日金曜日
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p→e+π0 search

21

16 

clear signal signature 
•  two or three showering rings 
•  Total momentum ~ 0 
•  Invariant Mass = 938 MeV�

• 2 or 3 e-like rings
• No decay-e
• 85<Mπ0<185 MeV/c2 (3ring)
• 800<Mp<1050 MeV/c2

• ptot<250MeV/c

2/10 free protons in H2O

Efficiency ~40%
(87% for free proton)

e+π0 selection

Invariant mass of p
Momentum balance

p→e++π0 searches
Super-K cut!
!  2 or 3 Cherenkov rings"
!  All rings are showering"
!  85 < M!0 < 185MeV/c2 (3-ring)"
!  No decay electron"
!  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "

- detection efficiency = 45%

- atmospheric ν BG   = 2.1±0.3(stat.)±0.8(syst.)  (Mton×years)-1  

- τproton/Br > 1.3 ×1034 years @ 90%CL

Quality of next generation search is guaranteed.
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219.7 ktyr exposureDST

2,3ring PID �0
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Data

Signal Box

Signal Box

SK1~4 SK1~4 SK1~4

Super-K data are well reproduced by BG MC.

‣ BG measurement by accelerator ν (K2K)
‣BG=1.63+0.42/-0.33(stat.)+0.45/-0.51(syst.) (Mt×yrs)-1 (Eν<3GeV)
‣Consistent w/ simulation  1.8±0.3(stat.)

PRD77:032003,2008

31
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p→e+π0 search: BG estimate
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p→e++π0 searches
Super-K cut!
!  2 or 3 Cherenkov rings"
!  All rings are showering"
!  85 < M!0 < 185MeV/c2 (3-ring)"
!  No decay electron"
!  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "

- detection efficiency = 45%

- atmospheric ν BG   = 2.1±0.3(stat.)±0.8(syst.)  (Mton×years)-1  

- τproton/Br > 1.3 ×1034 years @ 90%CL

Quality of next generation search is guaranteed.
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Super-K data are well reproduced by BG MC.

‣ BG measurement by accelerator ν (K2K)
‣BG=1.63+0.42/-0.33(stat.)+0.45/-0.51(syst.) (Mt×yrs)-1 (Eν<3GeV)
‣Consistent w/ simulation  1.8±0.3(stat.)

PRD77:032003,2008
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-0.33
+0.42

(stat.)−0.51
+0.45

(syst.)[Mt × years]−1(Eν < 3GeV )
Consistent w/ simulation 1.8±0.3(stat.)

MC K2K data

PRD 77, 032003(2008)

Reliable prediction of next generation experiment
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10 years exposure

Hyper-K p→e+π0 sensitivity

23

(Using only number of events)

Will surpass SK limit in ~1 year.

Signal region
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p → νK+ search

• K+ invisible (below Cherenkov threshold)

• K+→μν (Br: 63.5%)

• Method 1: Tag with nuclear de-excitation γ
• Measurement of de-excitation γ: nucl-ex/0604006

• Method 2: Search excess in Pμ distribution

• K+→π+π0 (Br: 20.7%)

• 205 MeV/c π0 + activity in opposite direction 
(π+ just above threshold)

24
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Recent improvement in analysis



Masashi Yokoyama (U. Tokyo) / Hyper-Kamiokande: Detector Design and Physics Potential

K+→π+π0 improvement

• Two e-like rings with decay-e

• 85<Mπ0<185 MeV/c2

• 175<Pπ0<250 MeV/c

• Sum of visible energy in 140°–180° 
from π0 direction: 7-17MeV

• Sum of visible energy in 90°–140° 
from π0 direction: <12MeV

25
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NEW  
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t" 24 

π+ just above threshold  
→ search for light opposite to π0 direction

Selection in LoI • Add 1 ring e-like event 
with π0 fitter used for 
T2K BG rejection

• Optimize range to 145°-180°
• Use shape information 

→ Increase efficiency

→ Reduce background

Improvements
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p → νK+ sensitivity

26

Efficiency (%) BG (/Mtyr)

K→μν+nucl. γ 7.1 1.6

K→μν, Pμ 43 1940

K→ππ 6.7 6.77.6 1.8

21 

Sensitivity curve for pÆQK+ (90 % C.L.) 

Black: LOI 
Red: New 

Sensitivity for 5.6 Mton䞉year 
exposure (10 years run) 
   2.5x1034 Æ 3.2x1034 year 
 
3V discovery potential 
  0.95x1034 Æ 1.23x1034 year 
 

~ 30 % improved from 
LOI ! 

90% CL sensitivity:
2.5×1034 → 3.2×1034 yrs

3σ observation potential:
0.95×1034 → 1.2×1034 yrs

90% CL sensitivity

Exposure (Mt years)



Masashi Yokoyama (U. Tokyo) / Hyper-Kamiokande: Detector Design and Physics Potential

Proton decay sensitivity

27

•p→e+π0:
•1.3×1035yrs (90%CL)
•5.7×1034yrs (3σ)

p→νK+:
•3.2×1034yrs (90%CL)
•1.2×1034yrs (3σ)

>3σ possible for lifetime
above current SK limits

•Superb sensitivity for
  p→e+π0 due to huge mass
•Complementary to LAr
  in other modes, e.g. p→νK

~10 times better sensitivity
than current Super-K limits!
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Neutrino astrophysics

•Supernova burst neutrino

• ~250k events (Garactic center) / 
~25 events (Andromeda)

• Reveal the detailed mechanism of supernova explosions
with very large statistics sample

• Supernova relic neutrino

• Study the history of heavy element synthesis in the universe

• Precision measurements of solar neutrino

• Indirect WIMP Search

29
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Summary

•Hyper-Kamiokande will provide excellent 
opportunity for wide range of physics topics

•Neutrino mixing and CP violation

•Nucleon decays

•Capability complementary to large LAr 
detectors such as LBNE in many ways

• It will be important to realize both to 
fully exploit the opportunities in front of us.

30

Status of R&D and project → next talk


